Objectives-The aim of this study was to assess the correlation between the thymic-thoracic ratio and cardiac axis in healthy fetuses.
T he thymus is a vital organ of the human immune system. Starting at the sixth week of embryonic age, the epithelium from the third pharyngeal pouch begins to form the thymus. After migration and extension, the thymus reaches its final position in the anterior superior mediastinum between the fetal sternum and great vessels. A correlation was previously revealed between a hypoplastic fetal thymus and 22q11.2 deletion (DiGeorge syndrome). Underdevelopment of the fetal thymus could also increase the risk of postnatal immune disease. 1 Several methods reported in the literature used ultrasound (US) to evaluate the development of the fetal thymus. The fetal thymic-thoracic ratio was one of them and was initially introduced by Chaoui et al. 2 A reduced fetal thymic-thoracic ratio was seen in fetuses with 22q11.2 deletion, conotruncal anomalies, trisomy 21, and trisomy 18. [2] [3] [4] Recent research noted that in fetuses with congenital heart disease (CHD) at risk for 22q11.2 deletion, the cardiac axis was inversely related to the thymic-thoracic ratio. Also, the cardiac axis, not the thymic-thoracic ratio, was an independent predictor of 22q11.2 deletion. 5 The cardiac axis is a valuable tool in screening fetuses for CHD, especially conotruncal anomalies. 6 The cardiac axis can be simply measured in the 4-chamber view, with a normal range of 458 to 208.
Levorotation of the fetal heart (cardiac axis > 658) could be the only finding at the level of 4-chamber view in CHD such as tetralogy of Fallot or a common arterial trunk. In addition, an abnormal cardiac axis had both high sensitivity and specificity in screening for fetal CHD in the first trimester. 8 Over-rotation of the bulboventricular loop was believed to be the underlying mechanism of an increased cardiac axis, but what factors contribute to the over-rotation are still unclear. Because a negative correlation between the fetal cardiac axis and thymic-thoracic ratio was recently noticed in fetuses with CHD at risk for 22q11.2 deletion, we conducted this study to investigate their correlation in healthy fetuses. 5 If the cardiac axis could be universally affected by the relative size of the thymus, a negative correlation between the thymic-thoracic ratio and cardiac axis might also be present in healthy fetuses.
Materials and Methods
In this study, we retrospectively reviewed US images from scans performed in our hospital between January 2015 and May 2016. The following inclusion criteria were used: (1) singleton pregnancy, (2) genetic testing results available, and (3) fetal cardiac axis and thymicthoracic ratio measurable retrospectively. Cases would be excluded if any of the following conditions were suspected: (1) fetal growth restriction (estimated fetal weight < 10% or fetal abdominal circumference <5% at the examination), and (2) fetal structural or chromosomal anomaly. This research was approved by the Institutional Review Board of the First Affiliated Hospital of China Medical University.
For each case, the demographic and clinical data (eg, gestational age at the examination) were collected. The cardiac axis was measured in the 4-chamber view using a 2-line method, with the first line tracing the interventricular septum and a second line separating the thorax into 2 equal halves by connecting the center of the fetal sternum and vertebra ( Figure 1 ). The thymicthoracic ratio was measured in the 3-vessel view using a previously described method. 2 The anteroposterior diameter of the fetal thymus was measured from the posterior border of the fetal sternum to the anterior border of the aortic arch. The anteroposterior diameter of the fetal thorax was measured along the fetal thymic anteroposterior diameter extending to the anterior border of the spine. The thymic-thoracic ratio is the quotient of the abovementioned diameters ( Figure 2 ). Two investigators (G.Z. and J.L.), who were blinded to each other, were asked to measure the thymic-thoracic ratio of 50 randomly selected cases. The interobserver reproducibility was calculated on the basis of their paired measurements. Quantitative data were described as mean 6 standard deviation, and categorical data were described as percentages. The Kolmogorov-Smirnov test was performed to determine the normality of measurements. Curve estimation was used to assess the change in the thymic-thoracic ratio and cardiac axis with advancing gestational age. The correlation between the thymicthoracic ratio and cardiac axis was calculated by the Pearson correlation coefficient. P < .05 was considered statistically significant. A Bland-Altman analysis was applied to evaluate the interobserver reproducibility.
To compare our new reference range for the thymic-thoracic ratio with existing references, a Z score analysis was performed. The mean predicated thymicthoracic ratio at each gestational week from previous studies was converted into a Z score using by the following equation: Z score 5 (thymic-thoracic ratio prethymic-thoracic ratio cur )/SD cur , in which the thymicthoracic ratio pre was the predicted mean thymic-thoracic ratio from a previous study, and the thymic-thoracic ratio cur and SD cur were the predicted mean thymicthoracic ratio and its corresponding standard deviation based on our data. A simple linear fit model was used to calculate the thymic-thoracic ratio cur , the residue of which was used to calculate the SD cur . Details of this conversion were introduced in an article by DeVore. 9 The statistical analysis was performed with SPSS version 22.0 software (IBM Corporation, Armonk, NY). Statistical graphs were drawn in Excel 2010 (Microsoft Corporation, Redmond, WA).
Results
In 21 cases, either the fetal cardiac axis or thymicthoracic ratio could not be measured. Of the remaining 262 cases (92.6%) that met the inclusion criteria during the study period, 42 cases were excluded from the study, including 32 with suspected fetal growth restriction and 10 with suspected structural or chromosomal anomalies. Ultimately, 220 cases were enrolled in this study. The mean maternal age was 27.8 6 6.0 years. The mean gestational age at the US examination was 26.3 6 5.6 weeks. Both the cardiac axis and thymic-thoracic ratio obeyed the normal distribution. The mean cardiac axis was 42.58 6 8.28. Two of 220 cases (0.9%) had a cardiac axis beyond the recommended normal range of 458 to 208. 7 One fetus had a cardiac axis of 24.18, and the other had a cardiac axis of 67.58. No correlation was found between the cardiac axis and gestational age (r 5 20.105; P 5 .12; Figure 3) .
The mean thymic-thoracic ratio was 0.35 6 0.04. It increased slightly with advancing gestational age, from 0.33 at 17 weeks' gestation to 0.37 at 37 weeks (r 5 0.347; P < .001; Figure 4) . The Bland-Altman analysis revealed 95% limits of inter-observer agreement from 20.044 to 0.039. The correlation between the fetal cardiac axis and thymic-thoracic ratio was not statistically significant (r 5 20.119; P > .05; Figure 5 ).
The predicted mean thymic-thoracic ratio and its corresponding standard deviation for each gestational age (weeks) could be calculated by the following equations based on a simple fit model: predicted mean thymic-thoracic ratio 5 0.002202 3 gestational age 1 0.296012; and predicted SD of the thymic-thoracic ratio 5 20.00022 3 gestational age 1 0.039273. Based on our equations, the mean thymic-thoracic ratios from previous studies were converted into Z scores and compared with our new reference range ( Figure 6 ). 
Discussion
The thymus is a small but essential organ in the human immune and hematopoietic systems. It develops in utero and continues to grow after birth until puberty, when it starts to shrink gradually. The thymus is the major place where T lymphocytes mature. Impaired growth of the fetal thymus has been associated with an increased future risk of postnatal autoimmune disease. 1 Disorders that can cause thymic hypoplasia include intrauterine growth restriction and certain genetic conditions such as 22q11.2 deletion. 10 Reduced proliferation, oxidative stress, and increased cell apoptosis were processes noticed in the thymus of fetus with growth restriction.
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TBX1 (T-box transcription factor 1) and CRKL (CRK like proto-oncogene) are 2 critical genes located on the deleted segment of chromosome 22. Deletion or low function of these genes could also lead to abnormal development of the fetal thymus. 12 Several methods using US have been proposed previously to assess the growth of the fetal thymus. The anteroposterior diameter, transverse diameter, and perimeter are among the most commonly used measurements. [13] [14] [15] The fetal thymus can be identified by using several landmarks, including the 3-vessel edge in the 3-vessel view, internal mammary arteries, and brachiocephalic veins. 3, 16, 17 Three-dimensional US and 4-dimensional spatiotemporal image correlation have been used to calculate the volume of the fetal thymus. 3, 18 Because the fetal thymus grows in size and volume in utero, the thymic-thoracic ratio was invented to eliminate the influence of gestational age. A smaller thymus size and thymic-thoracic ratio were found in fetuses with a conotruncal anomaly or aneuploidy. 5, 19, 20 Fetuses with CHD can have poor outcomes. The cardiac axis is an ideal screening tool for CHD in all 3 trimesters. 8, 21, 22 Conotruncal anomalies (eg, tetralogy of Fallot and a common arterial trunk) can bear a very high chance (50%) of an abnormal cardiac axis, which can also be found in 5% to 10% of healthy fetuses. 23 Since an abnormal cardiac axis can be either physiologic or pathologic, understanding the cause of an abnormal cardiac axis may help better interpret this finding. Typically, an extremely leftward-deviated axis (>758) is almost always pathologic because of either intracardiac anomalies or compression from extracardiac lesions. All healthy fetuses with an abnormal cardiac axis in this study had a marginally abnormal axis (658-708).
Several prior studies revealed that the thymicthoracic ratio was stable throughout out pregnancy, with a mean value of 0.442. 3 However, the mean thymicthoracic ratio obtained from our study increased from 0.33 at 17 weeks' gestation to 0.37 at 37 weeks, similar to the findings from another recently published study (with a difference of <0.5 in the Z score). 24 An increasing thymic-thoracic ratio implies that the thymus occupies an increasingly larger proportion of the upper mediastinum when the pregnancy advances. We do not know why discrepancies exist regarding the normal thymic-thoracic ratio among published studies. Possible contributing factors include slightly different US views used to take the measurements and distinct ethnic groups enrolled among different studies. Hence, when the thymic-thoracic ratio is used to assess the development of the fetal thymus and diagnose a possible Figure 6 . Thymic-thoracic (TT) ratio Z scores derived from our study and prior studies. All Z scores were calculated on the basis of the gestational week-specific mean and standard deviation from this study. disorder, one might need to take the gestational age into consideration by converting measurements into Z scores using a normal chart derived from the local population. A previous study also suggested that an abnormal cardiac axis could be a consequence of an underdeveloped fetal thymus, given a negative correlation observed between the cardiac axis and thymic-thoracic ratio in fetuses with CHD at risk for 22q11.2 deletion. Surprisingly, the cardiac axis and not the thymic-thoracic ratio appeared to be a good predictor of 22q11.2 deletion. 5 Our study revealed no association between the cardiac axis and thymic-thoracic ratio in healthy fetuses. These findings indicate that, at least in healthy fetuses, cardiac looping and the final cardiac orientation were not affected by the size of the thymus.
Our study, however, also has some limitations. One limitation was the relatively small sample size (220 cases) with regard to the wide gestational age range. A larger sample will be needed to confirm our findings. The other limitation was not being able to enroll fetuses with normal cardiac anatomy but a hypoplastic thymus. To clarify the association between the cardiac axis and the size of the fetal thymus, an analysis of the correlation between the cardiac axis and thymic-thoracic ratio in those fetuses may be necessary.
To conclude, if an abnormal cardiac axis is noticed in an otherwise healthy fetus during a prenatal US examination, it is very unlikely due to a hypoplastic fetal thymus and should not be used as an indicator for invasive testing for 22q11.2 deletion. Moreover, since no significant association was found between the cardiac axis and thymic-thoracic ratio in healthy fetuses, why such an association exists in fetuses with CHD at risk for 22q11.2 deletion requires further investigation.
